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Deciphering the rules defining microbial community assemblage is envisioned as a promising 25 strategy to improve predictions of pathogens colonization and proliferation in food. Despite the 26 increasing number of studies reporting microbial co-occurrence patterns, only a few attempts 27 were made to challenge them in experimental or theoretical frameworks. Here, we tested the 28 hypothesis that observed variations in co-occurrence patterns can be explained by taxonomy, 29 relative abundance and physiological traits of microbial species. PCR amplicon sequencing of 30 taxonomic markers was first conducted to assess distribution and co-occurrence patterns of 31 bacterial and fungal species found in 25 chia (Salvia hispanica L.) samples originating from 32 eight different sources. The use of nutrient-rich and oligotrophic media enabled isolation of 71 33 strains encompassing 16 bacterial species, of which five corresponded to phylotypes represented 34 in the molecular survey. Tolerance to different growth inhibitors and antibiotics was tested to 35 assess physiological traits of these isolates. Divergence of physiological traits and relative 36 abundance of each pair of species explained 69% of the co-occurrence profile displayed by 37 cultivable bacterial phylotypes in chia. Validation of this ecological network conceptualization 38 approach to more food products is required to integrate microbial species co-occurrence patterns 39 in predictive microbiology. 90 PCR-amplicon sequencing of taxonomic marker genes was first conducted to obtain a portrait 91 bacterial and fungal community structure associated with chia seeds and explore co-occurrence 92 between individual species. Efforts were then invested in building a representative collection of 93 bacterial isolates associated with chia. Finally, bacterial isolates for which the 16S rRNA gene D r a f t D r a f t 7 135 discarded, respectively. Classification of the resulting filtered sequences was undertaken using 136 two successive clustering approaches implemented in Unoise3 (Edgar 2016b). In the first 137 approach, single sequences were clustered into ASVs corresponding to a classification at the 138 100% sequence identity threshold (Callahan et al. 2017 ). This clustering approach was efficient 139 to assign ASV sequence retrieved from the molecular survey to the 16S rRNA gene sequence of 140 a bacterial isolate. Indeed, unambiguous assignment of each isolate to a single ASV was 141 mandatory for the theoretical framework of microbial species co-occurrence. ASVs representing 142 less than 0.005% of read counts were removed before the second clustering approach grouping 143 ASV sequences into Operational Taxonomic Units (OTUs) using a 97% identity level cutoff. 148 OTUs for bacteria and fungi (Table S1; 250 significance of pairwise SparCC coefficients was determined through 1000 bootstraps and this 251 resulted to minimal coefficient value of 0.6 to obtain a pseudo P-value of 0.05. Although 252 correlation matrix derived from a subset of bacterial and fungal species detected in a minimal 253 number of samples (e.g., 40-50%) is a current practice to avoid analyses involving rare species 254 whose counts are uncertain, that approach leads to substantial loss of data. Using that approach, 255 86% of bacterial and fungal OTU were excluded and not relevant for subsequent isolation 256 efforts. If one further considers the small proportion of cultivable microorganisms in the 257 environment, these constraints leave little room to obtain experimental evidence supporting co-258 occurrence patterns. Therefore, a second approach was used to compute bacterial species co-259 occurrence using the whole OTU dataset associated with bacteria to achieve a trade-off between 260 confidence regarding computed pairwise correlations and the probability to obtain relevant 261 isolates for the proposed co-occurrence model framework. Statistical analyses related to bacterial 262 isolates first included the elaboration of rarefaction curves to assess the isolation effort of the 263 bacteria on R2A and TSB-A cultivation media. Comparison of isolates based on physiological 264 traits was performed using a Jaccard distance matrix generated on the binary dataset. D r a f t 14 294 effort was sufficient to recover the whole diversity of microbial communities (Table 1) . Bacterial 295 communities were dominated by the phyla Proteobacteria (91.8%), Firmicutes (3.5%) and
296 Chlamydiae (1.7%), Actinobacteria (1.2%), Bacteroidetes (1.2%), and Chloroflexi (0.6%), while 297 most of the fungi were represented by Ascomycota (99.9%). The bacterial OTU B6 and B17
298 affiliated to Burkholderiaceae and the fungal OTU 1 affiliated to Pleosporaceae comprised a core 299 microbiome detected in all samples. Species richness and evenness of microbial communities 300 could not be discriminated by origin (Table 1 ). The potential impact of chia sample origin on the 301 beta diversity of microorganisms was further explored by computing PCoA, with the first two 302 axes explaining, respectively, 32 and 41% of the variation in bacterial ( Figure 1A ) and fungal 303 ( Figure 1B ) community profiles. Dispersion of microbial community profiles in the reduced 304 space of the PCoA showed no unambiguous patterns explained by sample origin. The 305 relationship between sample origin and microbial community profiles was further examined 306 using Permanova analyses, considering the whole community instead of the previous reduced 307 space, computed on chia seed samples represented by at least three independent samples. The 308 results indicated no significant contribution of sample origin in explaining composition of 309 bacterial communities (R 2 = 0.23; P = 0.08) whereas a significant contribution was observed for 310 fungi (R 2 = 0.28; P = 0.02).
311
312 Co-occurrence of microbial species was first explored using a restricted list of ubiquitous OTUs 313 detected in more than 11 (44%) chia samples ( Figure 2 ). The relative abundance of these 314 ubiquitous species varied between 0.05-34% and 0.01-42% for bacteria and fungi, respectively. 318 OTU-F9. In the second approach, microbial species co-occurrence was analyzed using the whole 319 bacterial and fungal OTU datasets to achieve a trade-off between confidence regarding computed 320 pairwise correlations and the probability to obtain relevant isolates for the proposed co-321 occurrence model framework (A (i,j) ; Table S2 ; cjm-2019-0052.R1suppla).
323 3.2 Isolation of bacteria associated with chia
324 Individual colony forming units propagated on R2A and TSB-A cultivation media were isolated 325 for downstream DNA extraction and 16S rRNA gene sequencing. All isolates encompassed the 326 Firmicutes and Proteobacteria ( Figure 3 ). In contrast to conventional approaches where 327 differences in phenotypic traits are used to guide isolation efforts, isolation and sequencing of 328 16S rRNA of all colonies enabled reliable quantification (Table S3 ; cjm-2019-0052.R1supplc).
329 Indeed, clustering of 16S rRNA sequence of isolates at the 97% identity cut-off was used to 330 compare the number of individual species with theoretical estimates of the whole diversity of 331 cultivable bacteria ( Figure 4A ). For TSB-A medium, 14 isolates were clustered into five 332 different species mainly represented by Stenotrophomonas sp., Enterobacter sp. and Bacillus sp.
333 ( Figure 4B ). Additional isolation efforts were not attempted since the number of retrieved 334 species corresponds to 100% species richness estimators ( Figure 4A ). A broader diversity was 335 observed on R2A agar, with 57 isolates clustered into 14 different species, expected to represent 336 85% cultivable representatives according to Chao1 species richness estimator ( Figure 4A ). As 337 observed with TSB-A medium, Bacillus spp. and Enterobacter spp. were the most represented 338 isolates in R2A medium ( Figure 4B ). The five selected isolates and their OTU counterparts in the molecular survey were included in 367 the theoretical framework aimed at testing whether abundance, physiological traits, and 368 taxonomy explain the co-occurrence pattern of bacteria species associated with chia (Table S4; 369 cjm-2019-0052.R1suppld). For the analysis, pairwise SparCC coefficients were retrieved from 370 the co-occurrence analysis computed using the whole bacterial database (Table S2 ; cjm-2019-371 0052.R1supplb). None of the three independent variables alone explained observed variations in 372 pairwise correlations between the five isolates ( Figure 6A ). The application of forward stepwise 373 multiple regression analyses showed that model including physiological traits and abundance 374 terms offered the best performance, explaining 69% variations of observed pairwise SparCC 375 correlation coefficients ( Figure 6B ). According to model parameters, co-occurrence on chia 376 sample is expected for two species displaying dissimilar traits, but this relationship is lowered 377 when the abundance term (N (i,j) ) of both species is elevated (Table 2) . 450 Finding the exact origin of detected bacterial and fungi species is beyond the scope of this study, 451 impairing a sound evaluation of spatial and temporal variations of co-occurrence patterns in chia. 486 Chaillou, S., Chaulot-Talmon, A., Caekebeke, H., Cardinal, M., Christieans, S., Denis, C.,
487
Hélène Desmonts, M., Dousset, X., Feurer, C., Hamon, E., Joffraud, J.-J., La Carbona, S., N (i,j) ). Equations were derived with observations of five selected bacterial isolates represented in the molecular survey. 91x99mm (300 x 300 DPI) D r a f t Figure 3 . Maximum likelihood phylogenetic tree of 16S rRNA gene sequence of isolates and OTU retrieved from the molecular survey. An overview of the taxonomic classification of 16S rRNA gene sequence encompassing three phyla is presented in the first panel (A) with the magnification of (B) alpha-and (C) gamma-Proteobacteria clusters in the secondary panels. Bootstrap values (%) are represented in red characters for the nodes that are supported by at least 50% iterations. The five isolates whose 16S rRNA sequences were 100% identical to sequences retrieved from the molecular survey are shown in bold characters.
Equations
190x278mm (300 x 300 DPI) D r a f t coefficients and predicted coefficients with τ(i,j) and N(i,j) terms (see Table 2 for equation parameters).
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